abstract: We present a simple nutrient-phytoplankton-zooplankton (NPZ) model that incorporates adaptive evolution and allometric relations to examine the patterns and consequences of adaptive changes in plankton body size. Assuming stable environmental conditions, the model makes the following predictions. First, phytoplankton should evolve toward small sizes typical of picoplankton. Second, in the absence of grazers, nutrient concentration is minimized as phytoplankton reach their fitness maximum. Third, increasing nutrient flux tends to increase phytoplankton cell size in the presence of phytoplankton-zooplankton coevolution but has no effect in the absence of zooplankton. Fourth, phytoplankton reach their fitness maximum in the absence of grazers, and the evolutionary nutrient-phytoplankton system has a stable equilibrium. In contrast, phytoplankton may approach their fitness minimum in the evolutionary NPZ system where phytoplankton and zooplankton are allowed to coevolve, which may result in oscillatory (unstable) dynamics of the evolutionary NPZ system, compared with the otherwise stable nonevolutionary NPZ system. These results suggest that evolutionary interactions between phytoplankton and zooplankton may have contributed to observed changes in phytoplankton sizes and associated biogeochemical cycles over geological time scales.
nitude in linear dimensions (from ∼0.6 to 11,000 mm equivalent spherical diameter; Sheldon et al. 1972; Margalef 1978; Falkowski et al. 2004 ). This range in phytoplankton size carries important biological consequences. The cell size of phytoplankton not only defines their metabolic activity, growth rates, and numerical abundance (Malone 1980; Peters 1983; Reynolds 1984; Chisholm 1992; Tang 1995; Tang and Peters 1995; Belgrano et al. 2002) , it also strongly influences their contributions to biogeochemical cycles via size-dependent sinking (Falkowski et al. 1998 ) and affects community structure and dynamics via size-dependent species interactions (Brooks and Dodson 1965; Porter 1973 Porter , 1977 Reynolds 1984; Banse 1992; Cohen et al. 2003) .
A diverse phytoplankton assemblage composed of species with different sizes has existed in the ocean for hundreds of millions of years. The fossil record indicates that major changes in species diversity within several marine phytoplankton groups have occurred, including such events as a rapid evolutionary radiation in the early Cambrian (Butterfield 1997 ) and a significant reduction in diversity at the Cretaceous/Tertiary (K/T) boundary . Associated with changes in species diversity are changes in phytoplankton size structure. Recent analyses indicate that the mean area of marine diatom frustules has decreased by more than twofold over the last half of the Cenozoic (Finkel et al. 2005) . There is also some evidence that the cell size of individual phytoplankton species might have declined over time (Burckle and McLaughlin 1977) . These patterns point to the intriguing question of whether there is an evolutionary tendency of these photosynthetic unicellular organisms toward smaller sizes, in contrast with the general increase in body sizes observed for some heterotrophic organisms (Alroy 1998; Schmidt et al. 2004b) .
Small phytoplankton cells appear to have some advantages over larger cells, because the small-package effect associated with light harvesting and small diffusion boundary layers associated with nutrient uptake may allow small cells to utilize resources more efficiently (Raven 1994 (Raven , 1998 . These advantages may be partly behind the numerical dominance of picophytoplankton (phytoplankton between 0.6 and 2 mm in diameter) in contemporary oceans, which account for a major portion of ocean primary productivity (Raven 1998) . Molecular phylogeny analyses suggest that picophytoplankton organisms arise independently within several major phytoplankton groups and are derived from ancestors with larger cell sizes (Raven 1998) , again suggestive of the evolutionary tendency of phytoplankton toward small sizes.
Here we present and analyze an evolutionary nutrientphytoplankton-zooplankton (NPZ) model to explore the patterns and consequences of the evolution of phytoplankton cell size. The evolutionary NPZ (ENPZ) model incorporates adaptive evolution of body size into a simple NPZ model. NPZ models have been commonly used to explore interactions between components of pelagic ecosystems (e.g., Riley 1946; Steele 1974; Fasham et al. 1990 ). These models can range from relatively simple forms with few state variables (e.g., Riley 1946 ) to more complex ones, such as those including microbial loops (e.g., Fasham et al. 1990; Steele 1998) or coupling to physical models (e.g., Hofmann 1988) . Although numerous NPZ models have been developed since the original work of Riley (1946) , to our knowledge, none of them have specifically considered evolutionary change. As one of the first models considering adaptive changes in planktonic systems (also see Stomp et al. 2004 for a study modeling adaptive changes in pigment composition of phytoplankton), the ENPZ model bridges the gap between selection on evolutionary time scales and interactions on ecological scales, allowing us to answer several important questions: Does natural selection drive phytoplankton cells toward a certain size? Do environmental nutrient status and zooplankton grazing affect phytoplankton size? What is the dynamical consequence of phytoplankton evolution? We first consider phytoplankton evolution in a nutrient-phytoplankton (NP) system when zooplankton are absent and then consider the case of phytoplankton-zooplankton coevolution in a nutrientphytoplankton-zooplankton (NPZ) system.
The Model
The ENPZ model is built on a simple NPZ ecological model comprising three compartments: a single limiting nutrient, phytoplankton, and zooplankton. For simplicity, the model does not consider physical processes in the water column and assumes a calm, relatively stratified system. The model also does not explicitly consider the microbial loop but rather incorporates it implicitly in the form of nutrient recycling. Both phytoplankton and zooplankton may represent either a single species or an ensemble of species. Hence, evolutionary changes in their sizes may represent changes in the size of single species or changes in the average size of a species assemblage.
To incorporate adaptive evolution of body size into the NPZ model, we assume that the rate of adaptive change is approximately proportional to the individual fitness gradient (i.e., the rate of change of individual fitness with respect to the trait value). Previous work has shown that this approximation can describe evolutionary change for quantitative phenotypic traits such as body size (Abrams et al. 1993; Dieckmann and Law 1996; Abrams 2001) , regardless of whether evolutionary change is caused by changes in the relative frequency of different phenotypes within populations or is generated by mutation.
The Evolutionary NP (ENP) Model
In the absence of zooplankton grazing, the dynamical relationships between a limiting nutrient and phytoplankton populations can be described by
dt where N and P represent nutrient concentration and phytoplankton population density, respectively; is phym(x) toplankton maximum specific growth rate as a function of mean cell diameter (we assume that all algal cells arē x spherical and use cell diameter to represent algal size); g (N) represents nutrient limitation experienced by phytoplankton; m is phytoplankton size-independent specific mortality rate; and represents size-dependent phytos(x) plankton sinking loss. Phytoplankton nutrient quota (the amount of nutrient in an individual cell) is alsō Q(x) size dependent. A fraction (g) of dead phytoplankton material is recycled to the nutrient pool, and nutrient is also replenished by allochthonous nutrient input (I).
We define the fitness of an individual phytoplankter with cell size x as its per capita growth rate under the prevailing conditions. We assume that the rate of change of the mean cell size of the phytoplankton population is proportional to the fitness gradient (Abrams et al. 1993; Dieckmann and Law 1996) 
where V x is the genetic variance of phytoplankton cell size and is assumed to be constant, m and s represent the derivatives of m(x) and s(x) with respect to individual size x, respectively, which are to be evaluated at the mean cell size . x
We must determine how size-dependent terms in equations (1) change with size before we proceed. Phytoplankton maximum specific growth rate, m, does not bear a simple relationship with size over the possible range of phytoplankton cells. For species with relatively large cell sizes, maximum specific growth rate tends to decline with a decelerating rate as cell size increases (Banse 1976; Malone 1980; Chisholm 1992; Tang 1995) , presumably because of the more efficient acquisition and use of resources by smaller cells (Raven 1994 (Raven , 1998 . In contrast, examinations of picophytoplankton show that their maximum specific growth rate tends to increase with size, possibly because of the limited supply of the cellular catalysts (e.g., enzymes) in extremely small cells (Raven 1986 (Raven , 1994 (Raven , 1998 . These patterns imply that and for very m 1 0 m ! 0 small x, and and for relatively large x, which m ! 0 m 1 0 can be characterized by a single equation:
2 a x ϩ a x ϩ a
where a 1 , a 2 , and a 3 are constants that take positive values. We use equation (2) in our model simulations, but we would like to point out that our general results rely on the qualitative behavior of m(x) (the signs of m and m ) and are not affected by the particular growth forms we choose to use. For example, equation (2) implicitly assumes that growth rate scales as the Ϫ1/3 power of individual volume ( ) when the diameter x is relm ≈ 1/a x 1 atively large. It has been suggested that metabolic rates (including growth rate) may scale as the Ϫ1/4 power of body volume (Brown et al. 2004) ; the qualitative results would remain the same if such a relation were used. Note that equation (2) 
where a is a constant whose value is affected by the density of the water and the algal cell as well as the viscosity of the water. Note that equation (3) implies and . s 1 0 s 1 0 We assume that the nutrient quota of a cell is directly proportional to its volume:
where b is the quota for . The exact form of Q(x) x p 1 does not affect our results as long as .
is generally an increasing function of N ( ) dg/dN p g 1 0 and is given by the familiar Michaelis-Menten-type equation:
where K is the half-saturation constant for nutrient uptake. Results remain qualitatively unchanged when equation (5) is replaced with other forms of g(N) satisfying .
The Evolutionary NPZ (ENPZ) Model
The equations for nutrient-phytoplankton-zooplankton ecological interactions are
Here, represents the consumption rate of zooplank-C(x, y) ton (Z) on phytoplankton (P), which is a function of phytoplankton average cell size ( ) and zooplankton avx erage body size ( ), is zooplankton nutrient quota asȳ q(y) a function of zooplankton body size, e is the conversion efficiency of zooplankton, and d is the specific mortality rate of zooplankton. The third and fourth terms in equation (6a) represent nutrient recycling from the zooplankton compartment and from the grazing process, respectively.
In the NPZ system, it is possible that both phytoplankton and zooplankton undergo evolutionary change such that coevolution between the two can occur. In such a case, the rates of adaptive change in body sizes of phytoplankton and zooplankton can be described bȳ parameters, there is a positive relationship between phytoplankton specific growth rate and cell size when size falls below 2, the optimal size for the highest maximum specific growth rate. The equilibrium phytoplankton cell size is always less than this optimal size. and and are the derivatives of C(x, y) with respect C C x y to x and y, respectively. All the derivatives are evaluated at the means and .x y It is clear that zooplankton consumption rate C(x, y) depends on both zooplankton and phytoplankton size. In general, zooplankton grazers are larger than their phytoplankton prey, and large grazers can potentially feed on a wider size range of phytoplankton cells than small ones (Reynolds 1984; Banse 1992) . More importantly, zooplankton grazers do not just eat indiscriminately but selectively feed on phytoplankton cells that are of certain size (relative to their own size ; Mullin 1963; Frost 1972; Runge 1980; Parsons et al. 1984; Banse 1992) , presumably as a way to maximize energy gains. Zooplankton selective feeding can be characterized by the following equation:
where v is a constant that defines zooplankton selectivity (C reaches its maximum value with ) and
is a constant depicting how rapidly C deviates from its maximum value as zooplankton size deviates from its preferred phytoplankton prey size. Similar to phytoplankton nutrient quota Q(x), zooplankton nutrient quota q(y) is also assumed to be directly proportional to zooplankton body volume:
where d is the nutrient quota at . y p 1
Results of the ENP Model

Evolution of Phytoplankton Cell Size
Let us first consider evolution of phytoplankton cell size in the absence of grazers. Without solving for equations (1), important insight can be obtained by noting that at equilibrium, the right-hand side of equation (1c) equals 0, resulting in s m p 1 0.
(9) g Equation (9) indicates that at equilibrium, phytoplankton cell size should fall in the range where m(x) increases with x. Because this only occurs within the size range of picophytoplankton, the model thus predicts that, absent grazers, phytoplankton should evolve toward extremely small size (i.e., picoplankton size; fig. 1 ). The rationale for large phytoplankton cells to evolve toward small size is simple: above the optimal size (x opt where ), large m p 0 phytoplankton cells are at a fitness disadvantage compared with smaller cells, owing to their lower growth rates and higher sinking rates. The reason that phytoplankton evolution does not end at the optimal size but declines further is because at the optimal size the fitness advantage afforded by the high growth rate is outweighed by the fitness disadvantage imposed by the relatively high sinking rate.
Stability of the ENP System
We first note that, because and , phytoplankm ! 0 s 1 0 ton fitness is always maximized ( ) at equilibm g Ϫ s ! 0 rium in the ENP system. It can be readily shown that the nonevolutionary NP system as described by equations (1a) and (1b) always has a stable equilibrium. The question is whether the system can be destabilized by adaptive change in phytoplankton size. "Stability Analysis of the ENP System" in the appendix in the online edition of the American Naturalist describes the local stability analysis of the ENP system, which demonstrates that the ENP system is always stable with phytoplankton at fitness maximum. Thus, adaptive change of phytoplankton cell size alone cannot destabilize the ecological dynamics of the nutrientphytoplankton interactions.
Effect of Evolution of Phytoplankton Cell Size on Standing Nutrient Concentration
It follows directly from equations (1b) and (1c) that both equilibrium phytoplankton size and standing nutrient concentration are independent of phytoplankton population density, as long as phytoplankton are able to exist. This allows us to address the important question of how phytoplankton evolution affects nutrient concentration. To answer this question, we implicitly differentiate equation (1b) at equilibrium, giving . Equation mg Ϫ s p 0 (10) suggests that N will approach either its maximum or its minimum as phytoplankton approaches their fitness maximum. "Derivation of Equation (11)" in the online appendix shows the derivation of the second-order differentiation, which is always positive:
Together, equations (10) and (11) indicate that standing nutrient concentration will be minimized as phytoplankton reach their fitness maximum.
Effect of Increasing Nutrient Inflow on Phytoplankton Cell Size
Equations (1b) and (1c) imply that any effect of change in nutrient inflow on phytoplankton cell size depends solely on how it affects standing nutrient concentration.
To determine how changing nutrient flow affects standing nutrient concentration at equilibrium, we solve equations (1a) and (1b) for N and differentiate N with respect to I, yielding
ѨI Equation (12) suggests that changing nutrient inflow rate should not affect standing nutrient concentration. Together, equations (1c) and (12) suggest that phytoplankton equilibrium cell size will not respond to changes in nutrient inflow rate in the ENP system ( Fig. 2A) .
Results of the ENPZ Model
Phytoplankton Cell Size in the Presence of ZooplanktonPhytoplankton Coevolution
After substituting equation (7) into equations (6d) and (6e), we obtain the following equations for phytoplankton and zooplankton body size dynamics:
Equation (13b) indicates that zooplankton size matches with their preferred phytoplankton prey size ( ) atx p vy equilibrium. This result reduces the equilibrium condition of equation (13a) to
a form that appears identical to the equilibrium conditions of equation (1c) for phytoplankton size dynamics in the ENP system. Equation (14) requires at equilibrium, m 1 0 suggesting that phytoplankton should still evolve toward picoplankton size.
One interesting question is how zooplankton grazing affects phytoplankton cell size. Equation (14) implies that, as in the ENP system, any change in phytoplankton equilibrium cell size is brought about solely by the change in standing nutrient concentration N; grazing would not affect cell size if it did not change nutrient concentration. Thus, we can determine the grazer effect if we know, first, how cell size responds to changes in nutrient concentration Figure 2 : Effects of increasing nutrient flux on phytoplankton equilibrium cell size for (A) the evolutionary nutrient-phytoplankton system, which is always stable, and (B) the evolutionary nutrient-phytoplanktonzooplankton (ENPZ) system, which may become unstable with phytoplankton at fitness minimum. The two vertical dashed lines in B mark three regions: stable equilibrium with phytoplankton fitness maximum (ESS), stable equilibrium with phytoplankton fitness minimum, and unstable equilibrium with phytoplankton fitness minimum. Increasing nutrient flux tends to destabilize the ENPZ system. Parameter values are , , and, second, how nutrient concentration responds to grazing. Implicit differentiation of equation (14) yields
which utilizes the fact that at equilibrium. m g Ϫ s ! 0 Equation (15) suggests that at equilibrium, any increase in standing nutrient concentration will lead to an increase in phytoplankton cell size. Implicit differentiation of equilibrium conditions of equation (6b) gives
suggesting that grazing has a positive effect on ambient nutrient concentration. Together, equations (15) and (16) suggest that zooplankton grazing should cause an increase in phytoplankton cell size (still within the range of picophytoplankton, as suggested by eq.
[14]).
Effect of Increasing Nutrient Inflow on Phytoplankton Cell Size
In the ENPZ system, increasing nutrient inflow has a positive effect on standing nutrient concentration (ѨN/ѨI 1 ; "The Effect of Changes in I on N in the ENPZ System" 0 in the online appendix). This result, along with equation (15), indicates that higher nutrient inflow would cause phytoplankton equilibrium cell size to increase ( fig. 2B ).
Stability of the ENPZ System
Local stability analysis indicates that the nonevolutionary NPZ system in the form of equations (6a)- (6c) is always stable (results not shown). Here we are interested in whether phytoplankton-zooplankton coevolution can destabilize the system. As the local stability analysis is too complex for the full ENPZ system, here we use numerical simulations to explore the possibility of unstable dynamics. Whether phytoplankton have a fitness maximum or minimum at equilibrium can have an important bearing on the stability of the ENPZ system. In contrast with the ENP system, where phytoplankton always evolves toward their fitness maximum ( ), phytoplankton may reach m g Ϫ s ! 0 either their fitness maximum ( ) or their m g Ϫ s Ϫ c Z ! 0 y fitness minimum ( ) at equilibrium in the m g Ϫ s Ϫ c Z 1 0 y ENPZ system (zooplankton are always at their fitness maximum). Numerical simulations reveal many instances of unstable dynamics for the full ENPZ system (see fig. 3 for an example). Generally, unstable dynamics are associated with phytoplankton fitness minimum ( ), m g Ϫ s Ϫ c Z 1 0 y although phytoplankton fitness minimum does not neces- sarily make the ENPZ system unstable (i.e., stable phytoplankton fitness minimum exists; fig. 2B ). An unstable ENPZ system associated with phytoplankton fitness minimum can arise when the genetic variance of phytoplankton is sufficiently large compared to that of zooplankton or when zooplankton are sufficiently abundant. As a result, increasing nutrient inflow, which tends to increase zooplankton abundance, can have a destabilizing effect ( fig. 2B ), in a way reminiscent of the phenomenon of paradox of enrichment for ecological systems without evolutionary components (Rosenzweig 1971 ).
Discussion
Our major findings can be summarized as follows. First, phytoplankton should evolve toward picoplankton size, regardless of the presence/absence of zooplankton (although zooplankton grazing has a positive effect on phytoplankton size). Second, in the absence of grazers, phytoplankton evolution tends to reduce standing nutrient concentration, which reaches a minimum as phytoplankton reach their fitness maximum. Third, increasing nutrient loading will lead to an increase in phytoplankton size in the presence of phytoplankton-zooplankton coevolution but will have no effect on phytoplankton size when zooplankton are absent. Fourth, phytoplankton evolution cannot destabilize a stable NP system in the absence of zooplankton, but phytoplankton-zooplankton coevolution can translate a stable nonevolutionary NPZ system into an unstable system, resulting in fluctuating dynamics of the entire system.
Directly testing most of these predictions is difficult at the current stage, given the lack of data on both phytoplankton cell size and environmental variables over evolutionary time scales. For example, no data are currently available to evaluate the possibility of fluctuating dynamics in phytoplankton size caused by phytoplankton-zooplankton coevolution, although one recent study indicates that cyclic changes in cell size of marine planktonic foraminifera, which can feed on diatoms, have commonly occurred in the Cenozoic (Schmidt et al. 2004a) . Our model suggests, however, that cyclic changes in phytoplankton and zooplankton sizes due to coevolution are mostly likely to be found in regions with high nutrient influx (e.g., coastal waters).
One prediction, that phytoplankton tend to evolve toward small size, is consistent with secular changes in phytoplankton size structure on geological time scales (Finkel et al. 2005 ) and the polyphyletic origin of picophytoplankton (Raven 1998) . This prediction, however, appears at odds with the fact that phytoplankton cell size in fact varies considerably among species, some of which can reach more than 1 mm in diameter (Sheldon et al. 1972; Margalef 1978; Falkowski et al. 2004) . Several explanations could account for this discrepancy. First, while our model assumes stable environmental conditions, which lead to the presence of one single size class at equilibrium, a continuously changing environment may permit many species (of differing size) to coexist (Hutchinson 1961; Chesson 2000) , particularly if larger cells have larger storage vacuoles that can store nutrients in excess of immediate cell growth needs (Tozzi et al. 2004) . Second, phytoplankton sinking rates are not simply determined by cell size, as assumed in the model, but are also influenced by some additional factors, such as cell morphology, cell physiology, and environmental physical conditions (Smayda 1970 ). These factors make it possible for phytoplankton cells that otherwise would sink rapidly, as determined by their size, to have a relatively long residence time in the euphotic zone. Indeed, it has been demonstrated theoretically that appropriate levels of turbulent diffusion could allow sinking phytoplankton populations to persist (Huisman et al. 2002) . Third, our model does not consider the possibility that zooplankton themselves are subject to size-selective predation from planktivorous fish, which tend to feed upon large zooplankton individuals (Brooks and Dodson 1965) . This selective pressure for small-bodied zooplankton may disrupt the coupled coevolution between phytoplankton and zooplankton, which may potentially lead to an increase in phytoplankton cell size.
Our model did not consider these complicating factors, but it nevertheless made predictions that are largely consistent with general ecological phenomena and established ecological principles. For example, the predominance of picophytoplankton in the open oceans (where disturbance is infrequent and planktivory is relatively unimportant, which probably best fits with our model assumptions) supports the evolutionary tendency of phytoplankton toward picoplankton size. The prediction that increasing nutrient flux should promote phytoplankton size in the ENPZ system is also in line with the well-known phenomenon that small phytoplankton species tend to dominate in nutrientpoor waters and that larger phytoplankton species are more abundant in nutrient-rich waters (Malone 1980; Chisholm 1992; Agawin et al. 2000; Li 2002; Irigoien et al. 2004) . Current evidence also suggests that zooplankton grazing affects the size structure of phytoplankton community and often leads to an increase in the average size of phytoplankton assemblage (Porter 1973 (Porter , 1977 Malone 1980; Sterner 1989; Carpenter and Kitchell 1993) , which is again predicted by our model. Further, the minimization of standing nutrient concentration with maximizing phytoplankton fitness in the ENP system is directly comparable to the ecological R * rule that a species that reduces ambient resource to the lowest level (lowest R * ) will displace all other competitors (Tilman 1982) .
Our results on stability are qualitatively similar to those of previous adaptive evolution models. For instance, we found that phytoplankton evolution alone cannot destabilize phytoplankton-nutrient interactions in the absence of zooplankton. Similarly, Abrams (1992) found that predator evolution is unlikely to cause predator-prey cycles except under restricted conditions (lower predator consumption associated with higher prey abundance), al-though the prey is a biological species, not inorganic nutrient, in his model. The present model also showed that zooplankton-phytoplankton coevolution can lead to oscillatory body size and ecosystem dynamics, which is consistent with the general notion that predator-prey coevolution is more likely to cause trait and population cycles (Abrams 2000) . Despite these similar findings, the ENPZ model differs from most predator-prey coevolution models in two fundamental ways. First, while other models often make assumptions (frequently in the form of trade-offs associated with the evolving trait) that need to be substantiated empirically, our model is based on well-established allometric relationships. Second, while most other models do not consider nutrient dynamics (but see Loeuille et al. 2002 and Loreau 2004) , our model explicitly considers the nutrient component, which allowed us to examine the interrelationship between phytoplankton size evolution and ambient nutrient conditions. In summary, we constructed an evolutionary nutrientphytoplankton-zooplankton model by incorporating adaptive change of phytoplankton and zooplankton body size into a simple nonevolutionary nutrient-phytoplanktonzooplankton model. The model makes several important predictions regarding phytoplankton size evolution under stable environmental conditions. Testing these predictions is hampered by the lack of long-term data on the evolution of phytoplankton cell size, zooplankton body size, and other environmental variables. As researchers have just begun to investigate changes in plankton size over microevolutionary and macroevolutionary scales (Schmidt et al. 2004a (Schmidt et al. , 2004b Finkel et al. 2005) , we expect critical evaluations of our model predictions to be possible in the near future.
